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Abstract 

High-brightness electron beams are required to drive LINAC-based free-electron lasers 
(FELs) and storage-ring-based synchrotron radiation light sources. The bunch charge and RMS 
bunch length at the exit of the LINAC play a crucial role in the peak current; the minimum 
transverse emittance is mainly determined by the injector of the LINAC. Thus, a photoinjector 
with a high bunch charge and low emittance that can simultaneously provide high-quality 
beams for 4" generation synchrotron radiation sources and FELs is desirable. The design of a 
1.6-cell S-band 2998-MHz RF gun and beam dynamics optimization of a relevant beamline are 
presented in this paper. Beam dynamics simulations were performed by combining ASTRA and 
the multi-objective genetic algorithm NSGA II. The effects of the laser pulse shape, half-cell 
length of the RF gun, and RF parameters on the output beam quality were analyzed and 
compared. The normalized transverse emittance was optimized to be as low as 0.65 and 0.92 
mm:-mrad when the bunch charge was as high as 1 and 2 nC, respectively. Finally, the beam 
stability properties of the photoinjector, considering misalignment and RF jitter, were simulated 
and analyzed. 
Keywords Electron linear accelerator; Photoinjector; Beam dynamics; Multi-objective genetic 
algorithm 
1. Introduction 

The LINAC-based free-electron laser (FEL) and storage-ring-based diffraction limited 
storage ring (DLSR) have become important tools for exploring the microscopic world, 
promoting the development of physics, chemistry, biology, materials, and related fields [1-5]. 
Normal conducting RF (NCRF) photoinjectors are widely used in FELs for their low emittance 
and high brightness, as shown in Table 1. The development of synchrotron radiation sources 


has gone through three generations. The 4th generation synchrotron radiation source based on 


DLSR has become a new trend; the brightness is 2-3 orders of magnitude greater than that of 
the third generation [13]. After the great success achieved by MAX-IV in Sweden [14], Sirius 
in Brazil completed the first phase of commissioning [15]. In addition, a series of 4" generation 
synchrotron radiation sources are under construction or in the planning stage, including APS- 
U, SPring-8, ALS, Soleil, Diamond, HEPS, and HALS [16]. Although thermal cathode injectors 
have been widely used in synchrotron light sources [17], photoinjectors have become a better 
choice when higher beam brightness is required from the LINAC; S-band photoinjectors are 
used at MAX-IV, HALF, etc. [18, 19]. 
Table 1 Application of NCRF photoinjector in FELs 


SXFEL LCLS Pal-XFEL  Swiss-FEL 
= [6,7] [8] [9,10] [11,12] 
Guntype ——~—_ L6-cell = L6-cell —— 1.6-cell = 2.5-cell 
Bunch charge (nC) 0.5 0.25 0.2 0.2 
Peak current (A) 62.5 35 ~30 20 
Projected emittance (mm-mrad) 0.8-0.9 0.5 0.35 0.3 


In this study, a dual-use photoinjector is described that can provide high-quality beams for 
either the storage ring, where a high bunch charge of more than 1 nC is required in the swap- 
out injection mode, or the FEL, where a low emittance is preferred [20-22]. Swap-out injection 
is a potential alternative for beam injection at DLSRs, where off-axis cumulative injection can 
become too difficult due to the small dynamic apertures. 

In beam dynamics optimization of photoinjectors, the approximate range of parameters can 
be obtained by theoretical analysis; however, to obtain more accurate results, optimization 
algorithms based on theoretical guidance are often required. For multiparameter optimization 
in accelerator applications, the multi-objective genetic algorithm (MOGA) and multi-objective 
particle swarm algorithm (MOPSO) are mainstream algorithms [23-30]. The former has a fast 
convergence rate, whereas the latter can generate more diversity in the solution space and has 
a strong global searching ability. In our study with eight variables, MOGA based on the non- 
dominated sorting genetic algorithm-II (NSGA-II) is a reliable algorithm [31]; it reduces the 
complexity of the non-dominated sorting genetic algorithm and has the advantage of fast 
running speed and good convergence performance. 

The design of the 1.6-cell S-band 2998-MHz RF gun and the beam dynamics optimization 
of the photoinjector are presented in detail. The RF design of the gun is discussed in Section 2; 


the main purpose is to create a flat axial field distribution, large separation between adjacent 


electromagnetic modes, and a higher axial field than that on the cavity surface. In Section 3, 
beam dynamics optimization is carried out using NSGAII and ASTRA considering different 
laser pulse shapes, half-cell lengths of the gun, and RF gradients. In Section 4, a stability 
analysis of the photoinjector is presented after introducing misalignment and RF jitter. 

2. RF design 

A 1.6-cell S-band BNL/SLAC/UCLA photocathode RF gun is described in this section [32]. 
The gun performance was improved by optimizing the Q factor, peak electric field on the cavity 
wall, adjacent mode separation, and axis electric field flatness. Electromagnetic field 
calculations were performed using SUPERFISH [33], which can quickly adjust the frequency 
to the set point, balance the axial electric field between the half-cell and the full-cell, and 
provide a field map for beam dynamics simulations. 

In the optimization process, the ratio of the peak electric field on the wall Emax to the field 
on the photocathode Ee can be reduced using an elliptic iris instead of a circular iris. Another 
parameter that must be optimized is the separation between adjacent modes. Both the 0-mode 
and m-mode are present in the RF gun. The 0-mode cannot accelerate the electron beam, leading 
to emittance growth and additional energy spread [34]. Thus, the distance between the 0-mode 
and m-mode should be increased by increasing the iris aperture or decreasing the disk thickness. 
Fig. 1 shows the influence of the iris aperture ra and axial ratio t=¢,/tp on the RF parameters. As 
shown in Fig. 1(b), if the major and minor axes of the elliptic iris are fixed at t=16 mm and 
t=10 mm, the distance between the 0-mode and n-mode increases rapidly from 5 MHz to 75 
MHz when r, expands from 11 mm to 20 mm, and the Q factor increases by 4%. The effect of 
the axial ratio is shown in Fig. 1(c). When the aperture ra =18 mm and minor axis t+=10 mm 
were unaltered, Emax decreased from 5% higher than E.e to 8% lower than Ec; the mode 
separation increased from 40 MHz to 49 MHz as the major axis ta increased from 10 mm to 16 


mm. 
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Fig. 1 RF optimization of the gun: (a) Electric field distribution of 1.6-cell RF gun in n mode; 
(b) RF parameters at t,=16 mm and t+=10 mm; (c) RF parameters at ra =18 mm and t=10 mm 

The distance between 0-mode and n-mode was increased from 3.5 to 15 MHz by optimizing 
the cavity structure in the LCLS RF gun [35]. Consequently, the amplitude of the 0-mode 
electric field on the photocathode decreased from 10% of the axial field to less than 3%, and 
the beam performance was significantly improved. A larger frequency separation (>40 MHz) 
between the two resonant modes further limits the excitation of the 0-mode during transients in 
the pulsed regime. Thus, a uniform accelerating field can be obtained along the bunch train, and 
the field gradient variation on the photocathode can be controlled to approximately 0.1%, which 
is particularly important for beams with short pulses and high repetition frequencies [36]. The 
final working point was selected as t.=16 mm, tŁ+=10 mm, and ra =18 mm. The optimized RF 
gun parameters are listed in Table 2. The relationship between the normalized axial electric field 
and surface field along the axis is shown in Fig. 2. The field flatness (field ratio between the 
half cell and full cell) was 1, and the electric field on the cavity surface was lower than that on 
the axis. The axial electric field map can be extracted from SUPERFISH as an input file for 
beam dynamics optimization using ASTRA [37]. 


Table 2 Main parameters of S-band RF gun 


RF parameter value 
 fAMH) o 209799 
Qo 13474 

Mode Sep. Af (MHz) 49 
Field flatness l 
Emax/Ec 0.921 
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----axial 


Normalized rf field gradient (MV/m) 


Fig. 2 Electric field distribution on cavity surface and on axis of RF gun 

3. Beam dynamics 

An S-band photoinjector system typically consists of a driving laser, a photocathode RF gun, 
and focusing solenoids, as shown in Fig. 3. The laser pulse from the drive-laser system 
stimulates the photocathode to generate electron beams. In the gun, a high-gradient RF field 
rapidly accelerates the beams emitted at the photocathode to a relativistic velocity. The 
solenoids focus the beam transversely and align the slice distribution of the bunch in the 
transverse phase space to compensate for the emittance growth owing to linear space charge 
forces [38]. With the help of the following acceleration tubes, the beam becomes highly 
relativistic at the end of the injector, and the space charge effect no longer causes significant 


emittance growth. 
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Fig. 3 Layout of S-band photoinjector 


Ideally, a beam with a shorter bunch length, lower emittance, smaller transverse size, and 
lower energy spread is expected. The beam quality is determined by many parameters, 
including the transverse and temporal profile of the laser pulse, the RF field gradient and phase 
of the photocathode gun, the magnetic field strength excited by the solenoids, the RF gradient, 
and the phase of the accelerating cavities. The energy spread is primarily determined by the RF 
phase in the S-band traveling wave (TW) accelerating cavity under the same initial bunch length. 
A minimum energy spread can be obtained at the exit of the injector as long as the RF phase is 
close to the on-crest phase. The transverse beam size can be easily adjusted by focusing 
elements such as quadrupoles. The main optimization objective is thus to reduce the Root- 
Mean-Squared (RMS) bunch length and normalized transverse emittance. 

To improve the simulation process, the multi-objective genetic algorithm NSGAII 
combined with ASTRA code was used to find the optimal solution. The main optimization 
objectives are the RMS bunch length and normalized transverse emittance, both of which are 
expected to be as low as possible to improve the beam brightness. The constraints of the output 
RMS transverse bunch size and relative energy spread were added in the optimization process 
to ensure beam quality and transmission efficiency. A driving laser pulse with a plateau 
temporal distribution was used; the full-width-at-half-magnitude (FWHM) pulse length was 10 
ps, and the rise/fall time of the pulse was 1 ps. Initial bunch charges of 1 nC and 2 nC were 
studied. The purpose of the bucking solenoid is to obtain a vanishing magnetic field at the 
cathode by introducing a current opposite to the main solenoid, which would otherwise 
introduce emittance growth owing to the initially magnetized beam [34]. The emittance 
contribution owing to the magnetized beam was estimated to be less than 0.003 mm-mrad for 
a magnetic field of 8 G in our simulation, which does not affect the final optimization result. 
The intrinsic thermal emittance of the photocathode material was set as 0.9 mm-mrad/mm, 
referring to the measurement results of the metal photocathode at the LCLS and the values of 
semiconductor materials [39, 40]. To compromise between running time and accuracy, 10k 
macro-particles were used in beam dynamics simulations. The space charge fields were 
calculated on a cylindrical grid, consisting of 20 rings in the radial direction and 30 slices in the 
longitudinal direction; the maximum time step was set as 1 ps. The time required for one cycle 
in ASTRA was approximately 7 min. The population size of each generation was set as 120; 
the total number of runs was 100, and 90 particle files were run simultaneously using parallel 
computations. The interesting solutions were re-simulated with 100k macro-particles in 


ASTRA for a more detailed analysis. 


3.1. Beam dynamics simulation at 1 nC 

The emittance compensation technique using focusing solenoids is an effective way to 
minimize emittance growth owing to space charge forces; however, it can only compensate for 
the emittance growth caused by the linear space charge force. In reality, the nonlinear space- 
charge force can also cause additional emittance growth. Theoretical analysis and experiments 
prove that the flat-top temporal distribution and transversely truncated Gaussian distribution 
with approximately 1 sigma truncation can linearize the space-charge effect [41]. The 
transverse laser profile can be shaped by a beam-shaping aperture (BSA) along the transport 
beamline from the laser to the photocathode. Truncated Gaussian distributions with truncated 
ratios of 0.9/1.1/1.5 sigma are shown in Fig. 4. The parameter variables in the beam dynamics 
optimization based on NSGAITI are listed in Table 3; the range is narrowed from the 
optimization with a larger scanning domain. A higher RF field gradient can accelerate the bunch 
to relativistic velocity more rapidly, which can suppress emittance growth and beam expansion 
caused by the space-charge effect. To obtain a bunch charge greater than 1 nC, Cs2Te 
semiconductor photocathodes are preferred. The operating RF field gradient must be as low as 
possible to prolong the photocathode lifetime [42]. To compromise between the bunch charge 


and RF field gradient, the gradient was set to 100 MV/m. 
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Fig. 4 Transverse truncated Gaussian distributions with truncated ratios of 0.9, 1.1, and 1.50 


Table 3 Main parameters for beam dynamics optimization 


Decision variable Optimization range 
o (rms value before Gaussian truncation) 0.4 ~ 2.0 mm 
Gun phase -30°~30° 
TW1 start position? 1 ~2 m 
TW!1 field gradient 15 ~ 27 MV/m 
Distance between two TW cavities 1~2m 
TW 2 field gradient 15 ~27 MV/m 
Main solenoid! field 0.1~0.4 T 
Solenoid2 field 0.01 ~ 0.2 T 
Objective Goal 
RMS bunch length Minimize 
Normalized transverse emittance Minimize 
Constraint Range 
Output RMS transverse bunch size < 1.0 mm 
Output relative energy spread < 0.5% 


“ Distance from surface of photocathode 


The obtained Pareto front composed of non-dominant solutions is shown in Fig. 5(a), and 
demonstrates the equilibrium relationship between the normalized transverse emittance and 
RMS bunch length. In addition, truncated Gaussian distributions with different truncated ratios 
of 0.8/1.0/1.2/2.0 sigma were simulated. The achievable minimum emittance and corresponding 
beam size after truncation as a function of the truncation ratio are shown in Fig. 5(b). The 
optimal normalized transverse emittance with beam truncation at 1 sigma and 1.5 sigma is 0.61 
mm ‘mrad and 0.65 mm-mrad, respectively. Fora 1.5 sigma truncation, although the achievable 
minimum emittance is slightly higher, the utilization efficiency of the driving laser power is 
greatly improved compared with a 1 sigma truncation. The laser efficiency is important to 
realize a high initial bunch charge; thus, a transversely Gaussian distribution with the radius 
truncated at 1.5 sigma was selected for subsequent simulations. According to Dowell’s theory 
[43], for the pancake beam, considering the mirror charge field of the bunch, the thermal 


emittance can be expressed as 


ho-@,+e je(E, sing-©)/ 4, 
E 
: (1) 


3mc 


where ©,., is the initial RMS transverse size; fiw is the photon energy of the laser; Ø, is 


the working function; £, sin@is the electric field on the photocathode during photoemission. 


Assuming the initial bunch has a 2D radial uniform distribution, the thermal emittance is 
minimized as long as the beam radius meets the condition Q=nr'é,E,sing . After 
optimization, for the 1.6-cell S-band RF gun, the electric field during photoemission is 
approximately 41 MV/m; the optimal beam radius for minimum thermal emittance is calculated 
as 0.94 mm, equivalent to an initial RMS beam size of 0.47 mm. This theoretical result is 


consistent with the simulation results shown in Fig. 5(b) at different Gaussian truncation ratios. 
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Fig. 5 Multi-objective optimization results for injector at 1 nC: (a) Multi-objective optimization 
results for 0.9/1.1/1.5 sigma truncation; (b) Minimum emittance and corresponding beam size 
(after truncation) at different Gaussian truncation ratios 

An RMS bunch length of 1.04 mm and a transverse Gaussian with radius truncated at 1.5 
sigma were set as the working points, and 100k macro-particles were simulated. In Fig. 6, the 
normalized transverse emittance is 0.65 mm-mrad with a peak current of 100 A. The 95% 
projected emittance is 0.56 mm-mrad, which is close to the slice emittance displayed in Fig. 7. 


The bunch mismatch factor is 1.09, close to 1.0. 
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Fig. 6 Evolution of normalized transverse emittance, RMS transverse size, average energy, and 


RMS bunch length along the photoinjector 
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Fig. 7 Beam parameters after optimization at 1 nC: Transverse phase space (upper left), 
longitudinal phase space (upper right), slice emittance and mismatch (lower left), and current 
distribution (lower right) 
3.2. Beam dynamics simulation at 2 nC 

When a storage ring operates in the swap-out injection mode, a high bunch charge from the 
injector is essential to increase the average current in the ring. For example, at Wuhan Photon 


Source (WHPS), which is under design, the 1.5-GeV storage ring requests a bunch charge up 


to 1.7 nC from the LINAC injector to reach the final design current of 500 mA in case of swap- 
out injection. A normalized transverse emittance less than 5 mm-mrad and relative energy 
spread lower than 0.3% at the exit of the LINAC are required. In addition, a normalized 
transverse emittance of less than 1 mm-mrad is expected in the planned FEL [44]. In this section, 
beam dynamics optimization with an initial bunch charge of 2 nC is investigated. The positions 
of the RF gun, solenoids, and TW structures were fixed according to the optimization results 
for 1 nC. The initial laser pulse with a plateau temporal distribution of 10 ps FWHM and 1 ps 
rise/fall time was kept the same as that for 1 nC, and the transverse Gaussian distribution was 
truncated at 1.5 sigma. Beam dynamics optimizations through adjustment of the laser phase, 
initial beam size, RF field gradient and phase, and magnetic field strength of the solenoids were 
performed using NSGAII. Fig. 8 shows that the initial beam size should be approximately 0.696 
mm to achieve the minimum output emittance, which is consistent with the value calculated by 


OQ=nr'é,E, sing. 
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Fig. 8 Multi-objective optimization results for emittance and corresponding initial beam size 


(RMS value after 1.50 truncation) as a function of output bunch length 

From the optimization, the working point was chosen such that the initial RMS beam size 
was 0.696 mm and the output bunch length was 1.25 mm. The number of macro-particles was 
increased to 100k to improve the simulation accuracy. Fig. 9 shows that the normalized 
transverse emittance is as low as 0.92 mm-mrad with a peak current of 170 A at the exit of the 
photoinjector. The results indicate that injecting bunch charges as high as 2 nC with very low 
emittance into a storage ring using a full-energy LINAC injector with a photocathode RF gun 


is promising. 
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Fig. 9 Beam parameters after optimization at 2 nC 

3.3. Comparison of first-cell lengths in the gun 

In theory, the first-cell length in the gun is usually assumed to be 0.254 [45], which 
corresponds to one-quarter period of the cosinoidal temporal profile. A shorter half-cell length 
increases the acceleration field by putting the beam at an RF phase close to the on-crest 
acceleration due to less phase slippage time. The electron bunch is accelerated to relativistic 
velocity more rapidly, reducing the emittance growth caused by the space-charge effect [46]. 
However, a longer half-cell length contributes more to the longitudinal compression of the 
bunch and produces a greater energy gain after the half-cell. Thus, a specific optimization 
process is required to determine the length of the half-cell in the gun. To find the optimal length, 
first-cell lengths of 0.2A and 0.3A were studied. The simulation results are presented in Table 
4. The transverse emittance and RMS bunch length varying along the photoinjector are shown 
in Fig. 10. The extraction field gradient at the photocathode surface of the 1.4-cell RF gun is 
twice that of the 1.6-cell gun, but the output beam energy at the exit of the gun is lower. The 
1.6-cell gun produces a shorter output bunch length, with equivalent emittance at 1 nC and 
lower emittance at 2 nC. 


Table 4 Optimization parameters of photoinjector with 1.4-cell gun and 1.6-cell gun 


Bunch charge (nC) l 1 2 2 

Output emittance (mm-mrad) 0.63 0.65 1.23 0.92 
RMS bunch length (mm) 1.18 1.04 1.35 1.25 
Energy at gun exit (MeV) 3.68 4.29 3.66 4.3 


Extraction field on cathode (MV/m) 85 40.6 82.2 42.6 
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Fig. 10 Transverse emittance and bunch length varying along photoinjector with different half- 
cell lengths in the gun for 1 nC (left) and 2 nC (right) 
3.4. Field gradient in RF gun 

In general, a higher field gradient in the RF gun can more effectively suppress the emittance 
growth caused by the space-charge effect, leading to a lower output emittance and shorter bunch 
length at the exit of the photoinjector. The state-of-the-art field gradient in the S-band RF gun 
has reached 120 MV/m [36], with stable operation normally at approximately 100 MV/m [7]. 
The lifetime of semiconductor photocathode materials is largely determined by the vacuum 
level in the gun. The vacuum environment is sensitive to the electric field gradient; thus, the 
operating RF field gradient is chosen to be as low as possible. The influences of field gradients 
of 90 MV/m, 100 MV/m, and 120 MV/m on the beam quality at 1 nC and 2 nC were studied; 
the simulated results are shown in Fig. 11. For 1 nC, the minimum normalized transverse 
emittance was 0.83 mm-mrad, 0.74 mm-mrad, and 0.65 mm-mrad and the RMS bunch length 
was 0.99 mm, 1.06 mm, and 1.06 mm, respectively, as the field gradient increased from 90 
MV/m to 120 MV/m. When the bunch charge was 2 nC, the corresponding minimum emittance 
was 1.26 mm-mrad, 1.13 mm-mrad, and 1.02 mm-mrad and the bunch length was 1.22, 1.25, 
and 1.18 mm, respectively. In our application, an RF gradient of 100 MV/m or even 90 MV/m 
could be chosen, as beam emittances as low as 0.7 and 1.0 mm-mrad could be achieved with 
initial bunch charges of 1 nC and 2 nC, respectively, in ASTRA simulations to meet the beam 


quality requirements. 


*  9O0MV/m,2nC 
* 100MV/m,2nC 
a  120MV/m,2nC 


90MV/m, 1nC 
100MV/m, 1nC 
120MV/m, InC 


(mm-mrad) 
(mm-mrad) 


Normalized transverse emittance 
Normalized transverse emittance 


0.6 0.7 0.8 0.9 1.0 11 0.8 0.9 1.0 1.1 1.2 1.3 
RMS bunch length (mm) RMS bunch length (mm) 


Fig. 11 Multi-objective optimization results for photoinjector with different field gradients in 
RF gun at 1 nC (left) and 2 nC (right) 
3.5. Field flatness in RF gun 

Field flatness is essential for achieving the highest possible beam energy and homogeneous 
RF power losses in the gun. The optimum field flatness is achieved when the maximum field 
amplitudes are equal in each cell; that is, the field flatness is 1. However, mechanical errors are 
unavoidable in the RF gun machining process, leading to a field imbalance between half- and 
full cells. The influences of field flatness values of 0.9, 1.0, 1.1 on the emittance at 1 nC and 2 
nC were studied. The axial field distributions for a photocathode field gradient of 100M V/m 
are shown in Fig. 12. The beam dynamics simulation results are presented in Table 5. The 
results suggest that the field flatness had little influence on the output emittance within the 


studied range. 
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Fig. 12 Axial field distribution with field flatness of 0.9, 1.0, and 1.1 


Table 5 Simulation results with 0.9, 1.0, and 1.1 field flatness 


Bunch charge (nC) 1 l 1 2 2 2 
RMS bunch length (mm) 1.04 1.04 1.03 1.20 1.25 1.21 
Output emittance (mm-mrad) 0.65 0.65 0.69 0.92 0.92 0.98 


4. Stability analysis 

In a photoinjector, component misalignment such as displacement and rotation errors of the 
gun, traveling wave acceleration cavities, and solenoids may result in emittance growth. The 
sensitivity of emittance to component misalignment must be known to control these errors 
within a reasonable range. RF jitter results in beam parameter fluctuations around the set point. 
4.1 Mechanical errors 

Displacement or rotation errors of the components cause more electrons to be located in the 
transverse defocusing field; the center of the bunch deviates from the axial focusing magnetic 
field of the solenoids, leading to transverse emittance growth. Table 6 presents the effects of 
mechanical errors on the beam emittance at bunch charges of 1 nC and 2 nC. When the beam 
energy is low, misalignment of the RF gun and solenoids has an obvious influence on the 
emittance growth; in the higher-energy section, misalignment (within 1 mm or | mrad) of the 


acceleration tubes has a smaller effect on emittance growth. 


Table 6 Emittance growth due to misalignment 


Parameter Error value € -growth (1 nC) € -growth (2 nC) 
Cathode 0.1 mm 2.35% 1.55% 
Main Solenoid 1 0.2 mm 2.26% 5.32% 
Main Solenoid 1 1 mrad 2.56% 3.11% 
Solenoid 2 0.2 mm 0.01% 0.01% 
Solenoid 2 1 mrad 0.45% 0.03% 
TW1 1 mm 0.06% 0.33% 
TW1 1 mrad 0.8% 1.08% 
TW2 1 mm 0.12% 0.01% 


TW2 1 mrad 0.4% 0.44% 


4.2 Operation errors 


During operation of the photoinjector, parameter jitter affects the normalized transverse 
emittance, beam size, and beam energy. There were 1000-shot operation parameters considered 
to simulate the errors with 100k macro-particles tracked while varying bunch charge, laser 
timing, laser spot size, laser offset, RF phases and amplitudes, and magnetic field strengths. 
Within each error range, each sample point was selected with the same probability of occurrence, 
following a uniform distribution, as shown in Table 7. The simulated statistical results for 1 and 
2 nC are shown in Figs. 13 and 14, respectively. As long as the parameter errors are controlled 
in the ranges shown in Table 7, the beam stability of the photoinjector can meet the 


requirements of the Wuhan Photon Source. 


Table 7 Error analysis of operation parameters 


Parameter Jitter 
Bunch charge AQ/Q (%) [-5,5] 
Laser timing (fs) [-100,100] 
Laser pulse length (ps) [-0.5,0.5] 
Laser pulse rise/fall time (ps) [-0.05,0.05] 
Laser spot size (%) ° [-5,5 | 
Laser spot offset (%) ° [-10,10] 
Gun phase (degree) [-0.1,0.1] 
Gun amplitude (%) [-0.1,0.1] 
TW1 and TW2 phase (degree) [-0.1,0.1] 
TW1 and TW2 amplitude (%) [-0.1,0.1] 
Main solenoid! and solenoid2 AB/B(%) [-0.1,0.1] 


a Laser spot size jitter is independent in the horizontal and vertical directions 


> Laser spot offset jitter is relative to the optimal RMS laser spot size 
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Fig. 13 Influence of parameter jitter on beam with 1-nC bunch charge 
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Fig. 14 Influence of parameter jitter on beam with 2-nC bunch charge 


5. Results and discussion 

This study presents the systematic design of an S-band photoinjector that can provide high- 
bunch-charge beams for storage rings operating in swap-out injection mode and high brightness 
beams for FELs. A simulation method coupling ASTRA and NSGAII was developed and 
demonstrated as an efficient way to obtain the global optimal solution in the beam dynamics 
design. During the optimization process, the global optimal solution was gradually approached 
by iteratively narrowing the scanning range. After optimization, when a field gradient of 100 
MV/m was selected in the RF gun, the normalized transverse emittance at the exit of the 
photoinjector reached a value as low as 0.65 and 0.92 mm-mrad at 1 and 2 nC, respectively. At 
2 nC, all hardware positions remained the same as the optimal positions that had been 
determined at 1 nC. The results show that high beam quality including short bunch length and 
low emittance can be obtained with a large range of bunch charges by simply adjusting the 
operation parameters of the photoinjector. Moreover, the beam stability analysis of the 
photoinjector provides theoretical guidance for controlling mechanical and operational errors 


in an actual system. 
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